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Abstract We take stock of recent observations that identify 
the episodic plasma heating and injection of Alfvenic en- 
ergy at the base of fast solar wind (in coronal holes). The 
plasma heating is associated with the occurrence of chro- 
mospheric spicules that leave the lower solar atmosphere 
at speeds of order lOOkm/s, the hotter coronal counterpart 
of the spicule emits radiation characteristic of root heat- 
ing that rapidly reaches temperatures of the order of 1MK. 
Furthermore, the same spicules and their coronal counter- 
parts ("Propagating Coronal Disturbances"; PCD) exhibit 
large amplitude, high speed, Alfvenic (transverse) motion of 
sufficient energy content to accelerate the material to high 
speeds. We propose that these (disjointed) heating and ac- 
celerating components form a one-two punch to supply, and 
then accelerate, the fast solar wind. We consider some com- 
positional constraints on this concept, extend the premise to 
the slow solar wind, and identify future avenues of explo- 
ration. 

Keywords First keyword • Second keyword 



1 Introduction 

The observational study of coronal holes permits the investi- 
gation of mass and energy transport through the lower solar 
atmosphere. This transport directly impacts the mass con- 
tent and dynamics of the fast solar wind. The energetics of 
the lower solar atmosphere in a coronal hole are identical 
to those of the quiet Sun and studying the base of coro- 
nal holes permits an investigation into the basal mass and 
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energy injection of the quiet corona without the energetic 
complications that arise from a closed magnetic topology 
(see e.g., [Mcintosh et al.|2007| |20T2l and later). The (often 
subtle) observational differences between the two "modes" 
of the quiescent solar atmosphere stem from the fact that 
material trapped in the quiet corona has the ability to re- 
turn to the lower solar atmosphere - a process that (in the 
large part) does not happen in coronal holes. The complete 
"chromosphere-corona mass cycle" of the quiet solar atmo- 
sphere modifies the spectral characteristics of the emission 
observed because both the emission components due to the 
heating upward mass flux and cooling return flow can be ob- 
served in a single spatio-temporal resolution element (e.g., 
Mcintosh et al. 2012). Furthermore, it is expected that the 
mass cycle can affect the compositional differences that are 
measured in solar wind streams that originate from open and 
closed magnetic regions, a topic we will briefly return to in 
the penultimate section of this paper. 



The SOHO ( [Fleck et al.|1995| ) generation of coronal hole 
spectroscopic studies have significantly improved our under- 
standing of the relentless mass and energy transport at the 
base of the heliosphere (see, e.g., Dammasc h et al.| 19991 



Hassler et allf 1999 ; Xia et al. 2003 ; [Tu et al.|[2005] |Davey 



e7aLl|2006l |McIntosh eraLl[2006l and references therein). 



Recently, a picture of energy release and initial mass supply 
to the corona and solar wind originating in the lower atmo- 
sphere has developed following the observation of a finely 
scaled, high velocity component of the spicule family ( |De| 
Pont ieu et al.||2007a| ). These "Type-II" spicules have been 



associated with a weak but ubiquitous signature of chromo- 
spheric mass supply to the outer solar atmosphere rooted in 
unipolar magnetic field regions (through the study of transi- 



tion region and coronal spectroscopy, e.g.,|De Pontieu et aL 



2009; Mcinto sh and De Pon tieu 2009a[[Peter[2010; DePon- 



|tieu and M cintosh 2010[ |Tian et al.||2011a| ) and broadband 



coronal imaging sequences (e.g., Mcintosh and De Pontieu 
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2009b} Tian et aL]|2011b ). The detailed correspondence of 
dynamic chromo spheric and coronal plasma heating has re- 
cently been confirmed through joint observation from Hin- 
ode (Kosugi et al. 2007) and the Solar Dynamics Observa- 
tory (SDO) that are presented by |De Pontieu et aL ( 2011| ). 
In that paper discrete high- velocity heating jets triggered in 
the lower-atmosphere have been uniquely traced through the 
chromosphere, transition region, and into the outer atmo- 
sphere (as "Propagating Coronal Disturbances" or PCDs) 
for the first time. 

Another recent observational development relevant to the 
basal energetics of the fast solar wind has been the identi- 
fication of a sufficient Alfvenic^] wave energy flux to pro- 
pel the fast wind. De Pon tieu et al. (2007b) inferred that 
an abundant Alfvenic wave flux was present in the chromo- 
sphere, visible in the motion of all chromospheric spicules, 
but was particularly clear to observe in the polar coronal 
holes that are dominated by Type-II spicules. Due to the lack 
of coronal observations with commensurate spatio-temporal 
resolution with the Hinode Solar Optical Telescope, it was 
unclear at that time wether or not the observed wave flux 
was reflected at the chromosphere-coronal boundary. A sub- 
sequent observational study by Mcin tosh et al.| ( [201 la| ) used 
SDO observations to infer that the wave amplitude and phase 
speed throughout the solar atmosphere through the motions 
of transition region spicules and PCDs at coronal tempera- 
tures. The observed 1 00-200 Wm -2 of wave energy in coro- 
nal holes resided in Alfvenic motions of 3 00-5 00s period, 
25km/s amplitude and IMm/s phase speed — a flux of non- 
WKB waves streaming outward on structures that weakly 
emit at temperatures of order 1MK^] This wave flux is suf- 



ficient to drive the fast solar wind (e.g., |Hansteen and Leer 
[1995). 



Putting the observational results of De Pontieu et al. ( 201 1| ) 
and Mcintosh et al. ( 20 1 1 a| ) together, we have two compo- 
nents at work in the magnetic elements that comprise the su- 
pergranular network - the tributaries of the fast solar wind - 
(quasi-periodic) mass heating and injection to temperatures 
of order 1MK, and a significant flux of long period Alfvenic 
motions that are needed to accelerate that mass away from 
the Sun. We take the stance that somehow, this two-stage 
"engine" works to produce what we observe in situ (a con- 
cept proposed in Park er|199T ). The precise synthesis of the 



1 The interested reader is pointed to the supporting material of 
Mcintosh et al. ( 2011a ) where a lengthy discussion defines their use 
of this term to describe the observed motion, relative to the "kink" or 
"Alfven" which require a more precise description of the plasma and 
its magnetic field than can be determined observationally. 

2 The emission in which the PCDs are most clearly observed is 
formed (in equilibrium) at ~1MK. It is unclear given the rapid na- 
ture of the heating readily visible at the base of these structures (see 
below) wether or not the plasma is in ionization equilibrium or not in 
during the initial heating phase. It is likely that some of the material is 
in excess of 1MK upon breaching the Sun's atmosphere. 



physical processes taking place near the inner boundary of 
the heliosphere that produce the fast solar wind are to be 
determined, but such a synthesis will require theoretical en- 
deavor that incorporates self-consistency of the mass and 
wave transport in the numerical simulations (e.g., ICranmer 



and v an Ballegooijen 2005 , Cra nmer et al. 2007} De Pontieu 



et al.|2007b||Verdini et al.|2010| ). It is the view of the author 
that the fine details of the fast wind initiation and accelera- 
tion mechanisms are within our reach, and that the solution 
of the puzzle will yield invaluable insight into the complex 
evolution of the slow solar wind. Unfortunately, it is also the 
view of the author that, in order to understand the slow solar 
wind, we must consider the circulation of material between 
the chromosphere and corona and other factors before we 
consider the transition of the material onto an open field line 
and outward into interplanetary space. 

The following sections take a look at the recent observa- 
tional investigations of coronal holes. We briefly discuss the 
importance of understanding compositional measurements 
of the fast solar wind in the context of the mass and energy 
transport going on at its roots before discussing those ob- 
servational properties that must be reproduced by numerical 
models to encapsulate the full physics of the fast solar wind. 



2 Observational Investigations 

Observational investigations of coronal holes started as soon 
as we could routinely observe the coronal plasma from above 
the Earth's atmosphere (e.g., |Underwood and Muney|1967[ 
Goldberg et aL][1^68l |Burton|[T968l |Munro and Withbroe| 
T972||Huber et al.|1974| ). Soon after |Krieger"eTaL] ( [T973] ) re- 
alized that the large dark patches in the corona were spatially 
related (and physically connected) to high speed solar wind 
streams - coronal holes soon became a topic of hot discus- 
sion (pardon the pun). These initial investigations are fasci- 
nating and highlight the apparent over- abundance of iron in 



the quiet corona relative to the photosphere ( Goldberg et al. 



1968), a clear pre-cursor to the "FIP Effect" (e.g., |Geiss et al. 



1995] ). In the following subsections we will present the au- 
thor's view of coronal holes, considering SOHO/SUMER 
( Wilhel m et al.|1995] ) spectroscopic and SDO/AIA imaging 
observations to infer the processes occurring at the roots of 
the fast solar wind. 



2.1 Spectroscopic Investigations 



Observations from the SOHO SUMER, EIT flDelaboudiniere] 
|et al.|1995] ) and MDI ( [Scherrer et al.|1995| instruments have 
provided breakthrough insight into the origins of the fast so- 
lar wind in coronal holes (e.g., Dammasch et al.|19 99; Has- 
|sler et al.|[T999l |Xia et al.||2003l |Tu et al.||2005) . SUMER 
"spectroheliogram", or raster, observations were employed 
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to quantitatively examine the origins of the solar wind by 
correlating Doppler velocity measurements of Ne VIII (formed 
at about 600,000K in the upper solar transition region) to 
a proxy for the gross super-granulation pattern of chromo- 
spheric network structure. Results of these prior studies sug- 
gested a clear correlation between the observed Ne VIII blue 
shifj^Jand the chromospheric network pattern. Unfortunately, 
many of these earlier investigations focused on polar coronal 
holes where line-of-sight (LOS) plasma diagnostics are not 
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always ideal. To address this issue, Mcintosh et al. (2006) 
studied an equatorial coronal hole (ECH) with SUMER to 
minimize the impact of high-latitude observations on the 
LOS spectroscopy. Indeed, they demonstrated that while there 
is indeed a strong correlation between bright network emis- 
sion and Ne VIII blue Doppler- shifts, there is a substantial 
fraction of blue shifted Ne VIII plasma in coronal holes that 
is not correlated with underlying network emission of the 
supergranular boundaries (or bright network vertices), see 
Fig. [T] This analysis would suggest that smaller scale up- 
flows exist throughout the ECH and probably throughout 
other coronal holes, as they all have the same intrinsic prop- 
erty of a local polarity imbalance of the magnetic field (see 
e.g., the bottom figures of Fig. [T]). 

Shortly following the discovery of high velocity Type-II 
spicules with Hinode SOT in coronal holes, we started an 
investigation to identity if the rapid fading and upward mo- 
tion of these very dynamic events were a marker of intense 
plasma heating in the lower atmosphere. Further, we were 
interested to see if they had an observable signature in hotter 
emission that would indicate a possible role in mass trans- 
port to the outer solar atmosphere. |De Pontieu et aT (2009) 
inferred a connection between the apparent motion of Type- 
II spicules and a weakly emitting component of emission ob- 
served far in the blue wing of coronal emission lines formed 
at a broad range of temp eratures, reaching at l east 2MK (as 
observed by Hinode EIS Culhane et al.|2007] p This subtle 
signature (at 5-15% of the background emission) was only 
visible in the highest signal-to-noise spectroscopic datasets 
from Hinode, but it appeared to have a very strong effect 
on the observed "non-thermal" broadening of the line pro- 



files over magnetized regions (e.g., Hara et al. 2008). [De 
Pont ieu et al. ( |2009 ) developed a diagnostic measure of ad- 
ditional emission components present in spectroheliograms 
which differences the amount of emission in the blue and red 
wing of a line profile. The difference is interpreted as a net 
imbalance of upward (blue) or downward (red) emission at 
that velocity (relative to the measured center of the line pro- 

3 The convention being that a blue shift is associated with a nega- 
tive velocity and as such a blue Doppler shift indicates the presence of 
plasma moving towards the observer, possibly indicating an out-flow 
from the Sun. 

4 This artificial upper bound is driven by limited observation of rel- 
atively "clean" spectroscopic emission lines in the wavelength range 
studied by EIS. 
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Mcintosh et al. 



(2006 ) and Mcintosh 




2007) investigated 



the spectroscopic structure of an ECH observed by SUMER in early 
November 1999. This figure shows the comparison of two simple mag- 
netic diagnostics and their correlation to the C IV and Ne VIII intensity 
and Doppler velocity maps. The top two rows show the SUMER C IV 
1548 A and Ne VIII 770 A line intensities (left) and Doppler- velocities 
(right) respectively. The bottom row shows the supergranular radially 
averaged MDI magnetic field strength and the "Magnetic Range of In- 
fluence" (MRoI; Mcintosh et al. 2006 ). The MRoI is a distance mea- 
sure of balance in the magnetic field, e.g., in regions where there is 
local unipolarity in the field, the distance to find enough opposite po- 
larity magnetic flux is large. On each of the panels in the figure, we 
show the EIT 195 A 150 DN contour to outline the ECH. Additionally, 
in the lower left panel, we show the thin black contour that designated 
the magnetic "neutral line", where B=0 G. Notice the very strong cor- 
respondence between regions of large MRoI and strong Ne VIII blue 
shift. 



file). This Red-Blue (or "R-B") diagnostic was subsequently 
applied to SUMER quiet Sun (QS; |McIntosh and De Pontieu| 
|2009a) and ECH (see Fig.[2land pcIntosh et al.|2011) ob- 
servations, where a residual high speed component of the 
emission was observed to coincide with the magnetized net- 
work locations. This indicates that the weakly emitting high- 
speed upflow events reached at least temperatures compara- 
ble with the (equilibrium) formation temperature of Ne VIII 
in coronal holes. We also note that the regions with enhanced 
non-thermal broadening in the ECH are intimately related to 
the locations where the R-B diagnostic indicates blue- wing 
asymmetric line profiles. One possible interpretation of the 
enhanced non-thermal broadening historically observed is 
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Fig. 2 Adapted from Mcintosh et al. 1 2011 ). The velocity dependence 
(top to bottom) of the C IV (left) and Ne VIII (right) "R-B" line pro- 
file asymmetry analysis for the upper left portion of the ECH shown in 
Fig. [I] The white contours show the outline of the ECH and the finer 
black contours show the locations of strong network emission. Blue 
wing asymmetries are prevalent in the magnetic network of the super- 
granular vertices. 



that in magnetized regions of coronal holes is that more than 
one spectral component contributing to the measured emis- 
sion line profile. The supposition is that these upflow events 
are triggered by (component) magnetic reconnection in the 
unipolar supergranular network vertices, and that the mate- 
rial is heated and ejected outward from the Sun's surface in 
the process (e.g., Martinez- S ykora et al.|2011a ). 



Significant limitations face the R-B analysis for archived 
measurements, such as those from SUMER: including the 
typically low S/N of the line spectra significantly impacts 
our ability to diagnose a high velocity component with 5- 
10% of the core intensity. Also, spectral blends of known 
(and unidentified) emission lines can severely contaminate 
the diagnosis. However, the trends observed by R-B anal- 
yses using many different spectral lines in different wave- 
length ranges, and for a range of formation temperatures 



(e.g., Mcintosh and De Pontieu 2009a; Martinez-Sykora et al. 
201 lb), support the assertion that spectral blends are not the 
cause of the systematic 50-100km/s blue wing asymmetries 
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Fig. 3 Adapted from De Pontieu et al. ( 2011} . The temporal and ther- 
mal evolution of off-limb spicules in a coronal as observed in the 
SDO/AIA He II 304A (top) and Fe IX 17lA (bottom) passbands, sum- 
ming three images in time to boost the visibility of the faint off-limb 
signals, with a resulting cadence of 24s. Calculating space-time plots 
for a "cut" perpendicular to the limb, i.e., parallel to the prevailing 
spicules and the resulting space-time plots of the running difference 
(over 3 timesteps, i.e., 72s) show many clear parabolic (up and down) 
paths in He II 3 04 A that are often associated with upward propagating 
disturbances in Fe IX 171 A (PCDs) - the red vertical dashed line high- 
lights one spicule/PCD correspondence. The He II 3 04 A spicules have 
lifetimes of order several minutes. The apparent propagation speed of 
the PCD and initial phase of the spicules are of order 100 km/s (the 
pink dashed line is shown as a reference). 



observed in magnetized region^] It would be reasonable to 
assume, therefore, that the R-B measure is indeed detecting 
the signature of weakly emitting, rapidly upflowing, mate- 
rial moving at approximately the same speed for different 
temperatures in the magnetized regions at the base of the 
fast solar wind. Unfortunately, the very low sensitivity of 
Hinode EIS to lines formed at temperatures below ~1MK 
has rendered ECH studies with that spectrograph problem- 
atic. The upcoming Interface Region Imaging Spectrograph 
(IRIS) mission we will be able to explore the complex line 
profiles in emission lines spanning the chromosphere, transi- 
tion region, and lower corona with very high S/N, high spa- 
tio/temporal/spectral resolution, and in a set of unblended 
emission lines such that many of the R-B diagnostics can be 
directly verified. 

2.2 Coronal Imaging Investigations 

The high S/N, low scattered light of the SDO/AIA telescopes 
permit the detailed imaging of the high velocity upflow events 
that were inferred from the SUMER spectroscopic measure- 
ments in the quiet sun and coronal holes. These imaging in- 

5 Higher velocities are typically observed above plage regions than 
the QS/CH network. 
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vestigations follow from the analysis of Saka o et al. (2007 ) 
who identified episodic, high speed flows on coronal loop 
structures in lower spatial resolution Hinode XRT obser- 
vations that were rooted in the underlying strong magnetic 
field regions (also see Mcintos h and De Pontieu|2009a| De 



SDO/AIA 171 A unsharp masked space-time Plot [16Mm Above Limb] 



Pontieu et al.|2011[ |Tian et al.|2011c[ for details of the cor- 
respondence between these events and the spectroscopic ob- 
servations of line profile asymetries). 

|De Pontieu et al.| ( |2011| ) demonstrated that the on-disk 
counterpart of Type-II spicules had an associated coronal 
signature - a propagating coronal disturbance, or PCD. They 
interpreted the observations as an indication that there was 
strong plasma heating associated with the formation of the 
spicule - in active regions, the associated feature was visible 
in emission characteristic of plasma at 2 MK0 The support- 
ing online material of that paper used limb observations in a 
polar coronal hole to illustrate the correspondence between 
the lower atmosphere and the corona (Fig. [3]). Even with 
the significantly better observing conditions of SDO/AIA, 
establishing a one-to-one connection is difficult due to the 
massive LOS of the optically thin emission at the limb. Space- 
time (X-T) plots are constructed by monitoring the evolution 
of the plasma in the first few Mm perpendicular to the limb 
in the He II 304A (top) and Fe IX 171 A (bottom). We see 
that there are many instances where the initial phase of the 
transition region spicule (see the red dashed vertical line as 
an example) is shared with the launch of the PCD, indeed 
both features have the same initial speed (the pink dashed 
line indicates an apparent speed of lOOkm/s). Like in active 
regions, the observations of De Ponti eu et al. ( 201l| deduced 
that the plasma of the lower solar atmosphere in the magne- 
tized regions of coronal holes underwent rapid upward mo- 
tion and heating. 

2.2.7 The Transverse (Alfvenic) Motion ofPCDs 

As we have seen above, the AIA He II 304A channel at the 
solar limb shows a transition region that is dominated by 
spicular jets that shoot rapidly upwards, and often those jets 
reach heights of 20,000km above the solar limb (Fig. [5]). Ob- 
servations of the same region in the Fe IX 171 A channel re- 
veal associated PCDs that propagate outward at high speeds 
(~100 km/s). When studying space-time plots parallel to the 
solar limb it is clear that these transition region and coronal 
features undergo significant Alfvenic motion with displace- 
ments varying sinusoidally in time (see, e.g., Fig. 1 oflMcIn- 
|tosh et al.|[20TTa| ). Indeed, SDO/AIA image sequences of 
polar coronal holes show an outer atmosphere that is replete 
with Alfvenic motion. The waves are traced by structures 
that do not have long lifetimes (of order 50-500s) compared 

6 Unfortunately the S/N in the "hotter" AIA passbands is signifi- 
cantly lower, and so it is unclear what the maximum temperature of the 
material in the PCD is. 
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Fig. 4 Adapted from the supporting online material of |McIntosh et al. 
(2011a). The transverse motion of transition region spicules (bottom) 
and associated PCDs (top) derived from in space-time plots taken 
parallel to the solar limb of a polar coronal hole (cf. Fig. [5J. The 
Alfvenic motions are rarely complete sinusoids because of the short 
spicule/PCD lifetimes. We also see wave motions that are horizontally 
separated by as much as 5 Mm that have in-phase transverse oscilla- 
tions. This provides support for our assertion that the waves are volume 
filling. 



to the wave periods (~5 minutes), and are difficult to detect 
because of the enormous LOS superposition above the solar 
limb. These factors contribute to the fact that very few com- 
plete swings of the spicule (or PCD) are observed and we 
are left with the "criss-cross" pattern of temporal evolution 
at a specific height above the limb (Fig. [4]). Mcint osh et al.| 
( |2011a| ) followed the analysis of |De Pontieu et al.| pOOTb] ) 
and used Monte Carlo simulations to study the patterns pro- 
duced by the propagation of the of the transverse motion. 
They found that the coronal hole waves had periods in the 
range of 150-550s, and amplitudes of order 25km/s in emis- 
sion characteristic of coronal temperatures, i.e. clearly some 
portion of the Alfvenic energy had made it "into the corona" 
without being reflected. Using cross-correlation techniques 
of parallel space-time plots at different heights above the 
polar limb to determine the phase speed of the Alfvenic mo- 
tions (reaching 1 Mm/s at an altitude of 50Mm) Mcintosh 
et al.| ( |201 laj > identified that the volume filling waves car- 
ried somewhere between 100 and 200 Wm -2 at the lower 
boundary of the fast solar wind. 



2.2.2 ECH Observations with SDO/AIA 

As an extension of this imaging effort we consider a large 
ECH presents a source of fast solar wind at 1AU as mea- 
sured by ACE (see Fig. [5}. The SDO observations studied 
were taken on August 23 2010 from 12:00- 14:00UT in the 
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Fig. 5 Observational context for the ECH observations of 2010 Au- 
gust 23. The upper panels show the imaging data from SDO (images 
nearest to 12:00UT), while the lowest panel shows the hourly-averaged 
solar wind speed measurements from ACE/SWEPAM from 2010 Au- 
gust 1 to 2010 September 8. The left column shows the Fe XIV 211 A 
SDO/AIA channel image showing a 30 DN contour level (representing 
the coronal hole boundary, which is also drawn in the other panels of 
this figure), and the SDO/HMI line-of-sight magnetogram. From top to 
bottom, the right column shows the SDO/AIA images in the cut-out re- 
gion of the ECH, the 1600A UV continuum channel, He II 304A, Fe IX 
171 A, Fe XII 193 A. The electronic edition of the Journal provides in- 
dividual movies of the SDO/AIA channels over the two hours of obser- 
vation. The small white box in the 171 A channel image is the region 
selected for analysis in Fig. [6] and the red square gives the reader an 
opportunity to study the fine scale activity visible throughout the ECH. 



1600A UV continuum, He II 304A, Fe IX 17lA, Fe XII 
193A, and Fe XIV 21 lA channels. The cadence of the im- 
ages in all of the channels was 12 seconds, except for 1600A 
where it was 24 seconds. Figure [5] shows context for the ob- 
servations where we use the Fe XIV 211 A image (top left) 
to identify the ECH boundary (a 30 Data Number contour 
is drawn on the image), and the HMI line-of-sight magne- 



togram at 12:00UT (middle left) is used for context of the 
underlying magnetism. We extract a 1000" x 700" rectangu- 
lar region around the ECH for further analysis, and the im- 
ages from the other channels are shown, from top to bottom, 
in order of (equilibrium) formation temperature. The image 
sequence for each AIA channel was then de-rotated and co- 
aligned using standard cross-correlation techniques to form 
an image cube. Then, to increase the S/N in each cube, we 
co-add three frames such that the effective cadence in each 
of the five EUV channels is 36 seconds. In the 171 A panel 
we show a small rectangular region in the body of the ECH 
for detailed analysis - the online edition of the Journal car- 
ries supporting movies of each of the AIA channels over the 
time studied. In addition, the online edition of the Journal 
also contains a 171 A movie that is zoomed-in to highlight 
finer scale structure and evolution in the ECH (red square 
region). 

Figure [6] is designed to highlight the behavior of a typ- 
ical supergranular network vertex in the ECH. The top row 
of panels show, from left to right, snapshots of that region in 
the 304A, 171 A, 193A, and 211 A channels. We see a gen- 
eral correspondence in the structure present in each panel 
although the 3 04 A, having a much smaller scale height than 
the coronal emission, is considerably finer scaled. The bot- 
tom row of panels show the two frame (64 second) run- 
ning difference of the same channels. This time- stepping 
is chosen to accentuate the variations of the plasma over 
that timescale and because the typical Type-II spicule life- 
time is of order 100s. For later reference, we draw an in- 
clined dashed line along a bright 171 A feature rooted in the 
network. Examination of the online movie supporting this 
figure highlights the highly correlated behavior throughout 
this network element across the temperature range. There 
is a general consistency in PCD frequency, orientation, and 
enhancement over the background emission. In the hotter 
emission channels (193A and 21 lA) the excessive bright- 
ening occurs at the bottom of the network feature, and less 
frequent propagating jets are seen. This again would support 
the result of De Pontiei Tet al.| ( |201 1| that the spicule features 
originating in the upper chromosphere (or transition region) 
are rapidly heated to temperatures (often) in excess of 1MK 
in the network of the coronal hole. 

Using the dashed line in Fig. [6] as a guide, we form 
space-time plots (shown in Fig. [7]) to study the characteris- 
tic behavior of the plasma with time in the image sequence 
(left) and the image sequence with a ten-minute running av- 
erage removed (right) with the panels running cool to hot 
from top to bottom. Throughout the timeseries we see many 
PCDs running along the chosen cut at all temperatures - the 
171 A channel shows at least 10 PCDs over the two hour du- 
ration of the sequence. The PCDs appear to get smaller in 
strength with increasing temperature, although varying de- 
grees of S/N cannot be discounted in this effect. We see that 
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Fig. 6 Cut-out of a typical ECH network element. The top row of pan- 
els, from left to right, show the region in the He II 304A, Fe IX 171 A, 
Fe XII 193A, and Fe XIV 211 A channels. The bottom row of panels 
show the corresponding running time difference between the current 
frame and that taken 64s prior. The inclined dashed line is used to il- 
lustrate the apparent motion of the mass-motions observed in the ex- 
tension of the network element (see, e.g., Fig. [7}. The electronic edition 
of the journal has a movie of this figure. 



the PCDs last on the order of 100s and that the time elapsed 
between consecutive PCDs can vary from ~200 to ~ 1000s. 
For reference, the green dashed-inclined line in the space- 
time diagrams indicates an apparent motion of the emission 
of 75km/s. The majority of the PCDs observed along this 
trajectory show the same apparent speed over the course of 
the timeseries (two hours) and across all observed tempera- 
tures. 

Therefore, based on the observations present in this sec- 
tion, there appears to be significant plasma heating and Alfvenic 
energy supply visible in observations of the fast solar wind's 
lower boundary. The energy and mass release are likely driven 
by magneto-convective forcing of the small magnetic ele- 
ments that comprise the network elements, but since they 
are rooted in a medium that is relentlessly undergoing con- 
vective motion the passage of the Alfvenic motions along 
the same structure would be a natural consequence. Such 
observations provide a means to constrain the outward mass 
flux and spectrum of the Alfvenic waves at the base of the 
system - in time measurements such as these could become 
inputs to numerical modeling schemes. 



2.3 Composition Measurements as Diagnostics of FSW 
Footprint Heating 

Additional evidence of the plasma processes taking place at 
the base of the fast solar wind are represented in the compo- 
sitional measurements made in situ by the ACE or Ulysses 
SWICS experiments ( [Gloeckler et al.|1992|[T998] ). We make 
the assumption that the emission and rapid outward motion 
of PCDs at a range of high temperatures are signatures of 
the relentless (aggressive) plasma heating taking place in the 




Distance Along X-T Cut [Mm] 



Distance Along X-T Cut [Mm] 



Fig. 7 Top to bottom, the temporal evolution of the emission (left col- 
umn) and running difference (right column) in the He II 3 04 A, Fe IX 
17lA, Fe XII 193 A, and Fe XIV 21 lA channels along the dashed tra- 
jectory shown in Fig. [6] The dashed green line shows an apparent PCD 
motion of 75km/s. Using the Fe IX 171 A channel as a reference, there 
are least 10 strong PCDs passing along this path in the two hours of 
observation. 



lower atmosphere. So, the amount of energy deposited per 
event, and the rate at which those events occur, must be di- 
rectly represented in the compositional measurements made 
(in agreement with the assertion of |Geiss et al.|1995] ). If the 
plasma is heated to temperatures in excess of 1 MK ( |De Pon-| 
|tieu et al.]|2011 ), then the thermal pressure of that material 
is sufficient to escape the Sun's gravitational field,and the 
plasma will be collisionless rapidly after the heating pro- 
cess and insertion (Parker 1991). Thus, the mixture of ionic 
charge states and relative atomic abundances measured in 
situ in the fast wind present us with the ideal opportunity to 
remotely diagnose the physics of the rapid plasma heating 
process. 

Consider Fig.[8]as the compositional counterpart of Fig. [6] 
It shows the variation in the "degree of fractionation" of six 
atomic species for the time in which the ECH was studied. 
We define the degree of fractionation (or Dx for atom X) 
as the abundance of X measured in the solar wind relative 
to that of Oxygen (O) divided by the expected X/O abun- 
dance ratio in the solar photosphere. As we can see from 
the symbols in the lower panels of the plot, there is consid- 
erable variance in the values of Dx in the time leading up 
to, and following, the arrival of the fast solar wind stream at 
ACE. While ACE is in the fast wind stream (bracketed by the 
dashed vertical blue lines), the variation in Dx is very small 
for all atoms. Furthermore, we see that the values of Dx 
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Fig. 8 Variation in the "degree of fractionation" (Dx) of several atomic 
species in the epoch around the fast wind stream rooted in the August 
23 2010 ECH. The red dashed line shows the value D x -1 = and the 
vertical blue dashed lines bracket the fast wind stream as identified 
from the Helium velocity (top panel). 
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Fig. 9 Comparing the Dx computed from ACE S WICS measurements 
with the "First Ionization Time" of Geiss (1998 ) for the August 23, 
2010 ECH. 



ization timescales during the plasma heating phas^] The 
values in this plot almost exactly duplicate those published 
by Geiss for a polar coronal hole fast wind stream. Clearly, 
the species of Iron, Magnesium, and Silicon are overabun- 
dant in the fast solar wind (relative to the photosphere) and 
thus the process heating (and launching) the material must 
intrinsically imprint this fractionation on the outflowing ma- 
terial, as has been suggested in the literature (e.g., |Geiss 



1998 ; |von Steiger et al.|2010| ). The correspondence between 
these values and those of Geiss et aL] ( [1995| ) would appear to 
indicate that the basal composition of the fast solar wind is 
relatively invariant, but the strength and distribution of mag- 
netic field in the polar and equatorial coronal hole sources 
of the streams under consideration are likely to be approx- 
imately the same. Under the assumption that the magnetic 
conditions (the distribution and strength of the magnetic field) 
in the photosphere are important in setting the heating rate 
of the plasma in the lower atmosphere (probably not an un- 
reasonable assumption), it would be interesting to systemati- 
cally study the change in the mixture of these atomic species 
in fast wind streams with the variance in the underlying 
photospheric magnetic field measurements (e.g., Zurbuchen 
et al.|[2002| ). Of course, in this paradigm, subtle changes 
in the underlying magnetism of the quiet solar atmosphere 
would produce subtle changes in the output charge state dis- 
tributions, and possibly also the detected abundance ratios 
(e.g.,|McIntosh et al.|2QTTd). 



show some variance from the expected photospheric values 
(the red dashed line is Dx -1=0): Helium is under- abundant 
by about 20%, Carbon is of equivalent abundance, Neon is 
4% over-abundant, and Magnesium, Silicon, and Iron are 
over abundant by about 50%. 

We can represent these values and variances pictorially 
by drawing an analogy with Fig. 2 of Geis s et al.| (Q995 ) 
where we use the "first ionization times" published in Ta- 
ble 1 of Geiss] ( |1998| ) as the abscissa values to indicate ion- 



3 Discussion 

Using the high S/N, low scattered light observations of AIA 
we can study the spatio-temporal variation of the PCDs that 

7 The ionization times were computed for quiet Sun conditions, a 
temperature of 6,000K, and density of 10 10 cm -3 . The value corre- 
sponds to the inverse of the ionization rate of the atom only if it oc- 
curs from the ground state and only if the effects of recombination are 
small. It is not clear that the last of these is a valid approximation for 
the chromosphere or transition region. 
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permeate coronal holes. At all wavelengths, but particularly 
those of the cooler plasmas (304 and 171 A), we see that the 
coronal hole is highly dynamic and displays a great deal of 
small-scale, rapidly evolving, fine structure. The apparent 
propagation speeds of the PCDs were approximately con- 
sistent across a wide range of temperatures. More complex, 
lower S/N, spectroscopic observations would appear to sup- 
port the hypothesis that the coronal hole plasma is "flash" 
heated at the bottom (to at least 2MK; the equilibrium peak 
formation temperature of Fe XIV the dominates the AIA 
211 A channel), the material is then ejected outward/upward 
(visibly emitting to at least 1MK - Fe IX), consistent with 
the observations of mass-motion and heating associated with 
Type-II spicules (De Ponti eu et al.||2011 ). The PCDs have 
typical lifetimes ranging from 50 to 200s. Assuming 10 9 
cm -3 for a Type-II spicule density, a duration of 100 sec- 
onds, a velocity of 50km/s, a cross-section of 100km, we 
place an lower estimate (based solely of the kinetic energy of 
the material) required per PCD as approximately 10 24 erg, a 
value clearly dependent on assumptions concerning the ac- 
tual PCD parameters, but is very much in the "nanoflare" 
range (e.g., Parker 1988 ). Subsequent investigations will study 
the physical process (or processes) that drive the spicules 
and PCDs, heating a significant fraction of their mass to 
temperatures greater than 1 MK. It is likely that plasma ex- 
periments (e.g., B ella n"eT al . |20 1 0| ) and computational sim- 
ulations which show the presence of similar PCD veloci- 
ties (e.g., Shibata and Uchidap 986; Martmez-Sy kora et al. 



2011a) will provide essential clues. 

A detailed study of the movies supporting Fig. [6] would 
appear to indicate that there are at two scales of PCDs visi- 
ble in coronal holes. On the larger, supergranular scale there 
are strong outflow concentrations like those discussed in the 
previous sections. Those are visible across the AIA chan- 
nels and are rooted in regions where the magnetic field con- 
centration is of the same polarity as the ECH (negative). 
These PCDs are also in very close proximity to one another 
(e.g., Fig. [7]). This, perhaps, suggests that objects like quasi- 
separatrix-layers (or QSLs, see e.g., Sect. 5.2 of Longcope 



2005 and references therein) are critical in understanding 
the energy release of the spicules and PCDs. On finer spatial 
scales there are weakly emitting PCDs sprinkled through- 
out the ECH - these are readily visible in the accompanying 
movies. This may explain our earlier discussion of Figs. [T] 
and [2] where we noted that the blue Doppler shifts and R- 
B asymmetries didn't map only to the network vertices. We 
anticipate that comparison of this second PCD population in 
the high S/N 171 A channel and HMI photospheric magne- 
tograms will reveal that they are formed in, or immediately 
around, small emerging magnetic flux concentrations in the 
coronal hole. 

Follow-on studies will be crucial to determine the po- 
tential impact of these heating events on the composition 



and speed of the fast solar wind. Numerous challenges to 
our understanding arise as a result of the presented mate- 
rial. Clearly, the plasma in the PCDs can reach tempera- 
tures in excess of 1MK, and this heated portion of the ma- 
terial can overcome the Sun's gravitational pull to become 
a constituent of the solar wind. Is that heating fingerprint 
"encoded" directly in the charge state and elemental dis- 
tributions measured at 1 AU? Furthermore, it is not clear 
that this initial "push" is sufficient to maintain the 650km/s 
speed of the fast wind stream. So, is there an additional en- 
ergy source associated with these PCD structures, one that 
can continuously drive the material out into the heliosphere? 
There are strong low-frequency Alfvenic motions associated 
with the PCDs ( |De Pontieu et al.||2007bl |McIntosh et~aLl 



2011a), that according to recent models, can provide the en- 



ergy needed to accelerate the plasma to typical fast wind 
speeds and maintain it (e.g. , |Parker| 1 99 1 [ [Cranmer and van 



Ballegooijen 2005 ; Suzuki and Inutsuka 2005 ; Suzuki 2006 , 
|Cranmer et aT]|2007|2007l |Verdini et aLl[20T0| ). We specu- 
late that the fast solar wind captured at 1 AU is the result of a 
two-stage process, the first stage heats the plasma, and then 
the second drives the outward acceleration to the measured 
speeds. In that case, the wave spectrum of the second stage 
will be critical in establishing the final speed of that wind 
(Cranmer et al. 2007 ), an deduction that is observationally 
testable with instruments like the Coronal Multi-channel Po- 
larimeter (CoMP; [Tbmczyk et al.|2007 ). 

This two- stage paradigm is also consistent with studies 
of the fast wind composition (e.g., |Geiss et al.|1995 ) where 
the plasma heating must occur in the lower solar atmosphere 
( |Geiss|1998] ) to produce the mixture of abundances and charge- 
states observed. We expect that the mixture of abundances 
and charge-states prevalently seen in the fast solar wind can 
be used to constrain the strength and duration of the heating 
process taking place at the source. However, while the exact 
details of the heating process and their relationship to the 
underlying magnetic field remain unknown, the upcoming 
launch of the Interface Region Imaging Spectrograph (IRIS) 
will provide additional high spatio-spectoral-temporal reso- 
lution spectroscopic observations that will allow us to di- 
rectly compare with imaging observations and test the two- 
stage hypotheses presented above. 

4 Conclusions 

We have discussed the rapid plasma motions and apparent 
heating that are visible in the magnetic network of coro- 
nal holes - it is clear that the instruments on SDO offer a 
fantastic opportunity for the community to study the basal 
mass and energy release into the heliosphere. Some of the 
plasma in the dynamic heating events at the base of the fast 
solar wind is heated to temperatures of at least 1 MK, leav- 
ing the surface at speeds of the order of lOOkm/s. The pro- 
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cess that establishes and maintains the high speed solar wind 
streams measured at 1 AU requires subsequent investigation, 
but we note that a significant flux of Alfvenic wave energy 
is present on the same structures. Advances in solar wind 
modeling will be required to accommodate the observed du- 
ality of quasi-periodic heating and mass release coupled to 
the propagation, and necessary dissipation, of the abundant 
Alfvenic motions. 
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